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Abstract 
Electroluminescence is a fast and reliable method for defect characterization of thin-film silicon large area modules. At forward 
bias, the injected carriers recombine via defect states in the p-i-n structure but only the radiating portion is detected by a means of 
a detector array. For these investigations, it is mainly assumed that the EL-signal is proportional to the local current density (J). 
We will present a detailed analysis of thin-film silicon modules and the circumstances will be discussed under which the simple 
approach with the EL-signal proportional to the current density is not valid. 
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1. Introduction 
In recent years large area inspection tools such as electroluminescence (EL) and infrared lock-in thermography 
have become increasingly important for module analysis and defect detection [1-3]. In particular electrolumi-
nescence is used for in-line inspection and quality control, due to the fast response in comparison to infrared lock-in 
thermography. EL spectroscopy is an established technology for in-line micro crack detection of c-Si cells and a  
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Fig. 1. Sketch of an equivalent circuit of a cell stripe within a series connected thin-film module (left) and comparison of a measured (EL-data) 
and simulated (ideal module) EL-signal (right) based on the equivalent circuit. 
detailed understanding of derived parameters as e.g. local lifetime and local series resistance already exists [4,5]. In 
the area of thin-film silicon photovoltaic the application of EL is mainly limited to error recognition of short circuits 
caused by laser scribing errors of the integrated series connection or deposition faults. At forward bias, injected 
electron and hole pairs at the contacts recombine mainly in the i-layer of the p-i-n structure but only the radiating 
portion yields to the EL-signal. For these investigations, it is mainly assumed that the EL-signal is proportional to 
the local current density (J). However, also the local dependent lifetime of carriers generated within a thin-film 
silicon module can have a major influence on the detected EL signal. In this work, we will discuss circumstances 
under which the assumption of a local homogeneous lifetime within a cell stripe of a module is not valid. Based on a 
detailed analysis a simple measurement procedure is proposed enabling the identification of local defects introduced 
by undesired inclusions. 
2. Results and discussion 
We have investigated single amorphous and microcrystalline silicon small area modules and a-Si:H/μc-Si:H 
tandem cell structures both deposited by large area equipment (>1m2) and have classified different kinds of defects 
originating from locally based short circuits, laser scribing error and coating faults. A general finding of thin-film 
silicon modules with a metal back contact is an inhomogeneous EL-signal within a cell stripe as shown Fig. 1 
(right). At the positive terminal side (x = 0) a higher intensity of the EL-signal is observed in comparison to the 
negative terminal side. This finding can be explained by the influence of the TCO resistance. Based on a simple 
equivalent circuit the local current density within a cell stripe of a thin-film silicon module can be calculated (Fig. 1, 
left side). The model describes the active areas by an infinite small region consisting of a diode and a resistance. The 
resistance takes into account the ohmic losses of the transparent conductive oxide (TCO). The thin film diode is 
characterized by the diode quality factor n, which lies in the range of 1.4-1.7 and the reverse bias saturation current. 
For simplicity the ohmic resistance of the metal back contact is neglected, since the conductivity of the Ag back 
contact is several orders of magnitude higher than the conductivity of the TCO. Assuming that the EL signal of an 
ideal (laterally homogeneous) thin-film silicon module is proportional to the local current density, the measured EL 
signal can reproduced by the simulations (Fig.1, right side) with a good agreement. The ohmic losses of the TCO 
results in a voltage drop at the infinite small regions. Consequently, the voltage at the thin-film diode decreases with 
increasing position (x) and the dark current density of the local diode decreases. With decreasing TCO conductivity 
or increasing total current density the negative slope of the curve (EL intensity versus position) is more pronounced. 
However for real devices the signal can be affected significantly by a laterally inhomogeneous density of states 
(DOS) in the amorphous silicon based layers. One class of defects with lateral inhomogeneous lifetime distribution 
in a-Si:H based devices shows a strong spectral dependence and leads to hot spots (Fig. 2). The bright local EL-
signal (observed with a c-Si CCD) disappears when a cut off filter of 1.42 eV is used. On the other hand bright 
locally induced hot spots can be observed using no or a cut-on filter at 1.18 eV. Due to the different transmittance of 
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the applied filter also the measured EL intensity differs. Since no calibration of the EL system was carried out, the 
 
 
 
Fig. 2. Measured EL-signal of a thin-film silicon module with a 6 mm cell width applying a c-Si detector array with different filters. The spectral 
range is defined by the spectral sensitivity of the c-Si detector array (band gap of around 1.1 eV) and the filter used. 
EL signals are given in arbitrary units. However, a comparison of EL intensity of the individual images among each 
other remains valid. To investigate the spectral dependence of the hot spots in more detail spectral resolved 
measurements by means of an InGaAs detector system were performed. An enhanced contribution of the spectral 
irradiation is observed at around 1.0-1.1 eV at the hot spots in comparison to areas without hot spots (Fig. 3, top). A 
good agreement between the measured and the fitted curve is achieved when the spectral irradiation is fitted by two 
Gaussian distributions. The peak at 0.8-0.9 eV takes into account the radiating recombination via deep defects 
(dangling bonds) and the tail-tail recombination is described by the peak at 1.0-1.1 eV. Since only the spectral 
irradiation in the range at 1.0-1.1 is enhanced, the additional contribution within the spectral irradiation at the hot 
spots can be attributed to an enhanced radiating tail-tail recombination. This effect is more pronounced if the 
measurements are carried out at 150 K (Fig. 3, bottom). At low temperatures the splitting of the quasi Fermi levels is 
enhanced and therefore the occupation of the conduction band tail states with electrons and trapping of holes at the  
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Fig. 3. Spectral irradiation of a hot spot and a reference signal measured with an InGaAs detector system at room temperature (top) and 150 K 
(bottom). Additionally, two Gaussian functions fitting the spot signal are plotted. 
 
Fig. 4. Measured EL-signal of a degraded thin-film silicon module and cross section of the current density recorded at low (left) and high (right) 
bias voltage. The position of the cross section corresponds to the black line in the EL images shown above. 
valence band tail states increases. When more charge is trapped in the tail states also the radiating recombination via 
rises. SEM images point out that these local defects originate from undesirable inclusions e.g. dust particles within 
the device (not shown). These defects have led to a local disturbance of the a-Si:H network, which results in broader 
tail states. The enhanced EL-signal can be attributed to an increased tail-tail recombination rather than an increased 
J. The application of different filters enables fast and effective error identification and points out that either the 
substrate cleaning has to be improved or the TCO substrate has local defects. 
Another effect can be observed at a-Si:H based solar modules [6], when very high forward bias voltages are 
applied over a longer time. At low current densities an unusual luminescence distribution was detected. A local 
decrease of the EL-signal can occur close to the plus-terminal within every cell of a series connected module at low 
voltages (Fig. 4, left) in comparison to an EL signal of an ideal cell stripe (Fig. 1, right). A cross section 
perpendicular to the integrated series connection shows the local EL-intensity as a function of the spatial position in 
more detail. The position of the cross section corresponds to the black line in the EL images shown above. Here the 
EL-signal intensity shows a maximum within individual cell stripes and the EL curve has a positive slope for small 
x values. If EL-signal is proportional to J, J should decrease in this region as well. Considering the dark IV 
characteristics of an amorphous silicon based diode, the lower current can be explained only by a lower voltage at 
the left side of the cell stripe in comparison to the center of the stripe. However, this behavior is in contrast to the 
calculation shown in Fig. 1. The calculations point out that the slope should be always < 0 due to the ohmic losses of 
the TCO. In the case that the TCO resistance is negligibly small, the slope converges to 0. A positive slope can be 
ruled out. Surprisingly, at high voltages the expected signal as a function of the position with a bright EL signal 
close to the plus terminal is observed.  
Before these observations are discussed in detail, it first has to be mentioned that defects in amorphous silicon 
can be created by carrier recombination. Furthermore, the increase of the metastable defect density depends strongly 
on the total recombination rate of either photo-generated carriers or injected carriers (forward biased diode). During 
EL-measurements the module operates at forward bias. As a consequence a current can induce a significantly higher 
locally enhanced deep defect density at the plus terminal side in comparison to the negative terminal side caused by 
a lateral inhomogeneous current flow through the cell stripe (see Fig. 1, right). Therefore, a lateral inhomogeneous 
lifetime distribution of the carriers is generated due to a lateral inhomogeneous DOS. In the following we have to 
consider that the EL signal is not proportional to local J anymore.  
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At first the El signal as a function of the position will be discussed at low bias voltage. As a consequence of the 
low bias also the current is low and the influence of the TCO resistance on the local current density distribution can 
be negligible. A position independent voltage distribution results in a homogeneous splitting of the quasi Fermi 
levels and a homogeneous EL signal should occur giving consideration to a higher dangling bond density at the 
positive terminal side results in a lateral inhomogeneous current density within the cell stripe signal, when a linear 
superposition of carrier recombination via tail stated and deep defects is assumed. Therefore, El is not proportional 
to J anymore. On the other hand this discussion will not explain the sign reversal of the slope of the EL signal. As a 
matter of fact, a linear superposition of both recombination channels is not veritable. The enhanced recombination 
via deep defect states at the positive terminal side results in both i) a reduced radiating tail-tail recombination which 
is detected by EL and ii) variation of the potential distribution within the p-i-n layer sequence. The EL signal 
increases from the left side to the center of the stripe.  
At high voltages and high total current, the ohmic losses at the TCO leads always to a voltage drop at the 
infinitesimal TCO resistance. The wider quasi Fermi level splitting at the left side leads always to an enhanced 
occupation of the tail states and consequently to an enhanced EL signal. After tempering of the module at 150°C for 
30 min. the current enhanced defect density anneals and the expected EL-signals at both low and high voltage are 
found. The sign reversal of the slope of the EL signal as a function of the position disappears after module 
annealing. These results demonstrate that the local density of states has a major influence on the EL-signal 
distribution and that a careful characterization and analysis of thin-film silicon modules by EL measurements is 
necessary.   
Beside amorphous silicon based modules also a-Si:H/μc-Si:H tandem cell modules were analyzed. Since the tail-
tail recombination of μc-Si:H is in the range of 0.8-0.9 eV, the EL-signal recorded by means of a c-Si CCD array 
exhibits only the EL signal from the a-Si:H top cell. Therefore, similar effects observed at a-Si:H modules can also 
be found at modules based on a tandem cell structure. 
3. Conclusions 
Thin-film silicon modules are characterized by means of electroluminescence. Although it is commonly assumed 
that the EL-signal is proportional to the local current density, circumstances were demonstrated and discussed when 
this assumption is not valid. Based on a detailed hot spot analysis, the application of different filters enables fast and 
effective error identification and points out that either the substrate cleaning has to be improved or the TCO substrate 
has local defects. Furthermore, circumstances were discussed under which a careless application of the EL-method 
leads to unexpected results. However, this behavior can also be explained by a current induced inhomogeneous 
defect state distribution. 
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